1 efficiencies, solute concentrations, and droplet size 2 dependence of inorganic ions and dissolved organic 3 carbon 4 5 Abstract 20 Cloud water samples were taken in September/October 2010 at Mt. Schmücke in a rural, 21 forested area in Germany during the Lagrange-type Hill Cap Cloud Thuringia 2010 (HCCT-22 2010) cloud experiment. Besides bulk collectors, a 3-stage and a 5-stage collector were 23 applied and samples were analysed for inorganic ions (SO 4 2-,NO 3 -, NH 4 + , Cl -, Na + , Mg 2+ , 24
1.9 µmol L -1 for S(IV), and 3.9 mgC L -1 for DOC. The concentrations compare well to more 28 recent European cloud water data from similar sites. On a mass basis, organic material (as 29 DOC * 1.8) contributed 20-40% (event means) to total solute concentrations and was found to 30 have non-negligible impact on cloud water acidity. Relative standard deviations of major ions 31 were 60-66% for solute concentrations and 52-80% for cloud water loadings (CWLs). The 32 similar variability of solute concentrations and CWLs together with the results of back 33 trajectory analysis and principal component analysis, suggests that concentrations in incoming 34 air masses (i.e. air mass history), rather than cloud liquid water content (LWC) was the main 35 factor controlling bulk solute concentrations for the cloud studied. Droplet effective radius 36 was found to be a somewhat better predictor for cloud water total ionic content (TIC) than 37 LWC, even though no single explanatory variable can fully describe TIC (or solute 38 concentration) variations in a simple functional relation due to the complex processes 39 involved. Bulk concentrations typically agreed within a factor of 2 with co-located 40 measurements of residual particle concentrations sampled by a counterflow virtual impactor 41 (CV) and analysed by an aerosol mass spectrometer (AMS), with the deviations being mainly 42 caused by systematic differences and limitations of the approaches (such as outgassing of 43 dissolved gases during residual particle sampling). Scavenging efficiencies (SEs) of aerosol 44 constituents were 0.56-0.94, 0.79-0.99, 0.71-98, and 0.67-0.92 for SO 4 2-, NO 3 -, NH 4 + , and 45 DOC, respectively, when calculated as event means with in-cloud data only. SEs estimated 46 using data from an upwind site were substantially different in many cases, revealing the 47 impact of gas-phase uptake (for volatile constituents) and mass losses across Mt. Schmücke 48 likely due to physical processes such as droplet scavenging by trees and/or entrainment. Drop 49 size-resolved cloud water concentrations of major ions SO 4 particles. In some cases, the concentration increase in the Ogren et al. region II can diminish 139 to the point of constantly decreasing solute concentrations with increasing droplet sizes nearly 140 over the full droplet size range. 141
These model results illustrate the complexity of solute concentration drop size dependencies, 142 which is even increased in reality by many factors such as gas-phase uptake of soluble 143 material, chemical reactions in droplets, size-dependent composition and variable mixing state 144 of input aerosol, entrainment processes, and inhomogeneous fields of supersaturation, i.e. 145 different histories of individual droplets (Flossmann and Wobrock, 2010; Ogren and 146 Charlson, 1992) . In addition, available instrumentation for size-resolved droplet sampling 147 usually integrates both over extended droplet size ranges with mostly 2 size fractions only and 148 time periods of typically hours, yielding volume-weighted sample concentrations which can 149 significantly blur existing concentration gradients (Moore et al., 2004a , and references 150 therein; Ogren and Charlson, 1992) . Despite such difficulties, observations of size-dependent 151 solute concentrations are still important as available measurements especially for more than 152 two size fractions are very sparse. In the present study, a 3-stage and a 5-stage collector were 153 applied and the observed solute concentration size dependencies are discussed in section 3.4 154 in view of the above described existing knowledge. 155 156 2 Materials and methods 157
Cloud water sampling 158
Cloud water sampling took place on top of a 20 m high tower at Mt. Schmücke (Thuringia, 159 Germany, 50°39'16.5" N, 10°46'8.5" E, 937 m asl) with several collectors. Bulk cloud water 160 samples were collected into pre-cleaned plastic bottles using the Caltech Active Strand Cloud 161
Water Collector Version 2 (CASCC2, Demoz et al., 1996) , which has a 50% collection 162 efficiency cut-off diameter (D 50 ) of 3.5 µm and collects droplets by inertial impaction on 163
Teflon strands within the airflow through the instrument. To increase the collected volume of 164 cloud water for chemical analyses, 4 individual instruments were run in parallel with a time 165 resolution of one hour. After weighing for volume determination, the samples were pooled, 166 aliquots for different chemical analyses were taken and aliquots as well as leftover samples 167 were stored at -20°C until analysis. For size-resolved droplet sampling a 3-stage collector 168 (Raja et al., 2008) with nominal D 50 of 22, 16, and 4 µm for stages 1, 2, and 3, respectively, 169 was used. This collector is basically a size-fractionating version of the CASCC, using Teflon 170 strands/banks with different diameters and different spacing in the 3 stages. In addition, the 171 CSU 5-stage collector (Moore et al., 2002) with nominal D 50 of 30, 25, 15, 10, and 4 µm for 172 stages 1 -5 was operated. In contrast to the 3-stage, the 5-stage collector impacts droplets on 173 flat surfaces downstream of jets with decreasing diameters for air acceleration (cascade 174 impactor design). It has to be noted, that experimentally determined D 50 s for this sampler 175 differ somewhat from the nominal values and that, even though droplet separating 176 characteristics have been improved over other existing multistage collectors, there is still 177 considerable mixing of droplets of different sizes within each stage (Straub and Collett, 178 2002) . Due to limitations of the lateral channel blower applied in this study, the 5-stage 179 collector was operated about 10% below its nominal air flow rate of 2.0 m 3 min -1 , which 180 likely had a modest effect on its collection characteristics and adds some uncertainty to the 181 real cut-off diameters. Sample handling from the multistage collectors was the same as 182 described for the bulk collectors. Before each cloud event, the samplers were cleaned by 183 spraying deionised water into the inlet (bulk collectors) or taking apart the individual stages 184 and rinsing all surfaces with deionised water (multistage collectors). Control samples were 185 taken after the cleaning procedures by spraying deionised water into the samplers and 186 handling the collected water in the same way as the real samples. 187
Interstitial and residual particle sampling 188
To complement the liquid cloud water samples, droplet residuals and interstitial particles were 189 sampled downstream of a counter-flow virtual impactor (CVI) and an interstitial inlet (INT). 190
The CVI/INT system was set up in a building next to the measurement tower with the inlets 191 installed through a window at 15 m height, facing south-west direction (215°). Details of the 192 setup can be found elsewhere Schwarzenböck et al., 2000) . In brief, 193 interstitial particles and gases are separated from cloud droplets in the CVI by a counter-flow 194 air stream which allows only droplets larger 5 µm in diameter to enter the system. Inside the 195 CVI the droplets are evaporated in particle-free and dry carrier air, resulting in the formation 196 hours (some shorter and longer sampling events existed as well). Filters were stored at -20°C 202 for later offline analysis. Online measurements of submicron particle composition were 203 performed by two aerosol mass spectrometers (AMS, Aerodyne Research Inc., USA): a C-204 TOF-AMS for droplet residuals (CVI, 5 min time resolution) and a HR-TOF-AMS for non-205 activated particles (INT, 2.5 min time resolution). Details of the AMS measurements will be 206 given in a forthcoming companion paper of this special issue (Schneider et al., in 207 preparation). 208
Valley sites aerosol sampling 209
Next to the Schmücke in-cloud site, two more valley sites upwind and downwind of the 210 Schmücke were installed during HCCT-2010 to characterise air masses before and after their 211 passage through the clouds. Characterisation of incoming aerosol was performed at the 212 upwind measurement site close to the village of Goldlauter (50°38'15"N, 10°45'14"E, 605 m 213 asl). A full description of the instrumental setup will be given in a forthcoming companion 214 paper of this special issue (Poulain et al., in preparation). In brief, a commercial monitor for 215 aerosols and gases (MARGA 1S, Metrohm Applikon, The Netherlands) was used for 216 continuous (1 h time resolution) determination of water-soluble inorganic trace gases and 217 particulate ions. The MARGA operated at a sampling rate of 1 m 3 h -1 and consisted of a PM 10 218 inlet, a wet rotating denuder absorbing water-soluble gases into deionised water (10 ppm 219 (van Pinxteren et al., 2009 ). Hydrogen peroxide (H 2 O 2 ) in solution was determined (in sum 250 with organic peroxides) by fluorescence spectroscopy (Shimadzu RF-1501) following the 251 method of Lazrus et al. (1985) . To stabilize peroxides during sample storage, p-252 hydroxyphenylacetic acid solution (POPHA) was added to aliquots of cloud water 253 immediately after sampling to form a stable dimer (Rao and Collett, 1995) . S(IV) and its 254 reservoir species hydroxymethanesulphonate (HMS) were determined spectrophotometrically 255 (Lambda 900, Perkin Elmer, Waltham, MA, USA) by the pararosaniline method (Dasgupta et 256 al., 1980) . Preservation of total S(IV) and HMS took place following the procedure described 257 by Rao and Collett (1995) . Concentrations of reactive compounds at the time of sample 258 preservation can be biased due to reactions during the collection period. The extent of such 259 artefacts will depend on reactant concentrations and cloud water pH and cannot easily be 260 estimated. Cloud water pH was measured immediately after sampling using an MI-410 261 combination micro-electrode (Microelectrodes, Inc., USA) regularly calibrated at pH 4 and 7. 262
Data processing and back-trajectory analysis 263
Cloud water data are presented either as solute concentration (µmol L -1 or mg L -1 ) or as 264 CWLs (sometimes also referred to as equivalent air concentrations) in µg m -3 . CWLs are 265 derived from the solute concentrations by multiplication with the cloud LWC (in g m -3 ) and 266 the molar mass of the compound (in g mol -1 ), where necessary. For comparison of CWLs 267 between different instruments and/or sites, concentrations were normalised to standard 268 temperature and pressure (STP: 273 K, 1013 mbar). Ambient temperature during the time of 269 sampling was used for normalising cloud water collector data, while room temperature was 270 used for CVI/INT, MARGA, and AMS data (room temp. at time of calibration for the ladder 271 one 
Cloud events 282
Within about 1/3 of the 6 weeks HCCT-2010 campaign Mt. Schmücke was covered in clouds. 283
Based on the project philosophy of studying aerosol cloud interactions in a Lagrange-type 284 approach, only those clouds were sampled for which local meteorological parameters (mainly 285 wind direction) indicated a good possibility of sampling representative air masses at all three 286 campaign sites ("connected" air flow, see Tilgner et al., 2014) without substantial loss of 287 material between the sites (non-precipitating clouds only). After the campaign, these events 288 were thoroughly evaluated regarding the hypothesis of a connected air flow (Tilgner et al., 289 2014) , leading to the so-called "Full Cloud Events" (FCEs) with conditions appropriate to 290 compare data from the different sites in a meaningful way. In Table 1 a list of the FCEs with  291 cloud water samples available is given together with some additional information on 292 meteorological and cloud microphysical conditions. Note that the numbering of the events is 293 based on all clouds occurring during HCCT-2010 and is thus non-consecutive. A total of 8 294
FCEs were sampled, out of which some belonged to the same cloud appearance at Mt. 295
Schmücke, but were interrupted either by rain or wind direction out of a predefined South-296
West corridor (FCE11.2+3 and FCE26.1+2). Two relatively long FCEs occurred with 297 durations of 15 h, while the other events were shorter with 2 -7 h durations. Mean LWCs 298 ranged between 0.15 and 0.37 g m -3 and were a function of the in-cloud height of the 299 measurement site (i.e. Schmücke above cloud base, derived from upwind site cloud base 300 height measurements). Droplet surface areas were 700 -1400 cm 2 m -3 on average with 301 effective droplet radii of about 6 -9 µm. Mean event temperatures decreased from about 9 °C 302 for the first FCE to 1 -2 °C for the last events at the end of the campaign . The numbers of 303 samples for the different instruments are given in Table 1 
Control samples and collector intercomparison 308
To check for possible contamination, control samples were taken from the cloud water 309 collectors in between cloud events (section 2.1) indicating a "field blank" value for the 310 species determined. Concentration levels in these blanks showed clear differences among the 311 three samplers with highest values from the CASCC2 bulk sampler ( Figure S1 ). In contrast to 312 the two multistage collectors, the CASCC2 was not disassembled for cleaning, which 313 indicates that the cleaning procedure applied here (spraying deionised water through the 314 sampler) is less effective in removing leftover traces from previously sampled cloud water (or 315 its dried residuals if cleaning was not performed directly after the end of the event). Mean 316 concentration levels in the controls are usually <10% of cloud water concentrations for more 317 abundant ions (ammonium, nitrate, sulfate), but can make up significant fractions (up to 100% 318 or even more in individual samples with low concentration) for trace ions ( Figure S2 ). Mean 319 blank levels of H 2 O 2 and DOC are 25 and 15% of cloud water concentrations on average, 320 respectively ( Figure S2 ). The amount of carry-over contamination in the controls depends on 321 concentration levels in the previous sample as well as on the effectiveness of the cleaning 322 procedure (water volume applied, dried surfaces, etc.) and will likely vary from one event to 323 another, which hampers a correction of cloud water concentrations by the available blank 324 data. Carry-over contamination will likely affect the first sample of a new cloud event mainly, 325 as the inside-surfaces of the CASCC2 are continuously washed by cloud water during 326 operation and any contamination can be expected to be removed after the first hour of 327 sampling. In addition, a fraction of the control sample concentrations can be suspected to 328 form by uptake of gases during control sampling for species like ammonium (from ammonia), 329 nitrate (from nitric acid), DOC (from water-soluble volatile organic compounds, VOCs), and 330 especially H 2 O 2 . Cloud water concentrations are thus reported as measured in the following. 331
Comparisons of volume-weighted mean concentrations from the multistage collectors with 332 bulk concentrations from the CASCC2 for main cloud water constituents (sulfate, nitrate, 333 ammonium, DOC) are shown in Figure S3 and Figure S4 . They reveal generally similar data 334 between the samplers with a tendency of sometimes higher concentrations from the multistage 335 collectors, which was, however, not consistently observed for all constituents and/or cloud 336 events. 337
Bulk concentrations 338

Composition overview
339
In Table 2 concentrations of inorganic ions, H 2 O 2 (aq), S(IV), HMS, and DOC as well as 340 cloud water pH are summarised for the events given in Table 1 . The observed range of pH-341 values was from 3.6 to 5.3, with a mean of 4.3. Highest ion concentrations (on a molar basis) 342 were observed for ammonium, followed by nitrate. Sulfate, chloride, and sodium showed 343 considerably lower concentrations, while potassium, magnesium, and calcium were lowest. 344
Arithmetic mean concentrations of this study are compared to literature data from clouds/fogs 345 at other European sites in Table 3 . Note that some authors report arithmetic means, while 346 others report volume-weighted mean concentrations, which are always lower for a given 347 dataset (see Table 2 ). Comparability of literature pH data is even more hampered as it is either 348 reported as arithmetic mean or derived from either arithmetic or volume-weighted mean H + 349 concentrations (the first approach leading to higher values than the other ones). In general, during the longer events, and up to 5-34 for minor ions), as well as in-between events 401 (max/min ratios of median conc. between 3 and 6 for main ions, 6-29 for minor ions). In 402 general, cloud water solute concentration variability can be caused by i) changes in 403 microphysical cloud conditions, e.g. supersaturation and LWC, ii) changes in CCN 404 concentration, size distribution, and chemical composition, iii) changes in gas-phase 405 concentrations of soluble gases and corresponding phase equilibria, and iv) chemical reactions 406 in the cloud water. Distinctly different concentration patterns can be observed in Figure 3a for 407 three ion groups from similar sources, i.e. secondary ions ammonium, nitrate, and sulfate, sea-408 salt ions sodium and chloride, and the biomass burning and/or soil marker potassium, 409 indicating a dominant influence of air mass history and thus CCN concentration and 410 composition on cloud water solute concentrations. This is most obvious for sodium and 411 chloride, which show highest concentrations during FCEs 1.1, 22.1, and 26.1+2. During these 412 events, back-trajectory analysis revealed a stronger influence of marine emissions (residence 413 time indices above water surfaces were between 0.3 and 0.5, as compared to < 0.2 for the 414 remaining events, cf. Figure S5 ). 415
To remove any influence of LWC fluctuations, CWLs are plotted in Figure 3b Varimax rotation are shown in Table 4 . The first factor is highly correlated to air mass 470 residence times above the oceans and cloud water concentrations of sea-salt constituents 471 sodium, magnesium, and chloride. The second factor shows high loadings for all 4 main cloud 472 water solutes (sulfate, nitrate, ammonium, DOC), representing typical main particulate 473 components in aged continental air masses. The third factor is highly correlated to potassium 474 and calcium concentrations and air mass residence times above agricultural lands and likely 475 represents a mixed soil/biomass burning influence. The fourth factor mainly includes the 476 variability of air mass residence times above urban areas, with no strong correlation to cloud 477 water constituents. pH shows a weak anticorrelation to this factor, which could indicate an 478 impact of acidic pollutants in comparably fresh air masses. 479 LWC has a much smaller impact on the marine factor than air mass residence time above 480 water and its loading on factor 2 is weak as well (in contrast to R eff , which has a significant 481 impact on this factor). This further supports the conclusion of LWC variability impacting 482 solute concentrations to a lesser extent if several clouds with different air mass histories are 483 considered. 484
In summary, the discussion in this section shows that no single factor is available to 485 adequately describe the complex processes controlling solute concentrations of both inorganic 486 and organic material in bulk cloud water. If a simple functional relationship is needed, R eff 487 might be a somewhat better choice than LWC. The probabilistic approach of Aleksic, 488 however, seems more appropriate: For any given LWC (and probably R eff as well), solute 489 concentrations exhibit a (non-linear) distribution, as they depend on several other variables at 490 the same time. 26.1+2, the ratios between CASCC2 and CVI-AMS CWLs are close to 1, especially for 499 ammonium and sulfate (see Figure S6 for ranges of CWL ratios). During FCEs 1.1, 11.2, and 500 13.3, this ratio is close to 2 (median), while it can be even higher for nitrate. Time-integrated 501 mean CWLs from CVI filters are mostly close to the values from the CVI-AMS for sulfate 502 and nitrate (with the exception of FCE1.1), while for ammonium, they are substantially lower 503 during 4 out of the 6 events shown. CWL deviations for DOC (for residual particle data 504 calculated as AMS organics divided by a conversion factor of 1.8 as above) tend to be lower 505 than for the ions and CASCC2/CVI-AMS ratios are even below 1 during FCEs 1.1, 11.2, and 506 26.1+2 ( Figure S6 ). DOC CWLs from CVI filters are not given due to unreliable data from 507 the small masses sampled on the filters. 508
Possible reasons for these deviations are manifold and include i) different sampling locations 509 in the cloud (tower versus inlet at house wall), ii) different cut-off and detection 510 characteristics (all dissolved bulk material analysed from CASCC2, while AMS measures 511 non-refractory submicron residual particles only), iii) different assumptions/corrections for 512 sampling efficiency (assumption of constant sampling efficiency across droplet size spectrum 513 for CASCC2, correction of CVI sampling efficiencies based on particle number size 514 distributions), iv) measurement uncertainties of analytical methods, AMS, and PVM for LWC 515 measurement, v) -for DOC -uncertainty in the OM to OC conversion factor (1.8) and 516 inclusion of undissolved organic matter in the AMS residual organics concentration, vi) -for 517 filter samples -potential negative artifacts from evaporation of semi-volatile particle 518 constituents during sampling as well as uncertainty from blank correction especially for short 519 sampling times and low sampled masses, and vii) -very important for some species -520 different droplet "pretreatment", i.e. liquid collection in the bulk sampler versus evaporation 521 of water and volatile constituents such as ammonia, nitric acid and dissolved VOCs in the 522 CVI. Given all these uncertainties and systematic differences, a general agreement between 523
CWLs obtained from the different samplers within a factor of 2 appears well acceptable. A 524 notable exception with much less agreement is nitrate during FCE11.2, where bulk cloud 525
water CWLs are about a factor of 3.5 higher than CVI concentrations. The reason for the large 526 deviation during this event is likely an enhanced concentration of nitric acid, which is taken 527 up as nitrate into the bulk cloud water, but can be (partly) released back to the gas phase 528 during droplet drying in the CVI (see also the following section). The results of these calculations are shown in Figure 6 . In-cloud SEs calculated from the 546 different samplers usually agree well except for cases where sampler intercomparison was 547 poor (section 3.3.3). Comparison with upwind SEs, however, reveals substantial differences, 548 which are summarised as event means in Table 5 (for residual in-cloud SEs only the ones 549 based on CVI/INT AMS data are given here to avoid redundancy). Mean in-cloud SEs for 550 sulfate are usually >= 0.9 except for FCE11.2 and FCE13.3, where substantial fractions (21-551 44%, depending on data used) of in-cloud sulfate reside in interstitial particles. During these 552 events particle activation curves obtained from comparing measured particle number size 553 distributions upwind and in-cloud were comparably shallow and the critical activation 554 diameter was larger than during other events ( Figure S7 For nitrate and DOC, these comparisons look different. While in-cloud SEs are again > 0.9 in 577 most cases, upwind SEs are > 1 in most cases, indicating additional nitrate and DOC at the in-578 cloud site (note that event mean DOC upwind SEs in Table 5 were calculated using water-579 soluble organic carbon concentrations from impactor samples, as the MARGA analyses 580 inorganic ions only). For DOC, this most likely results from uptake of water-soluble VOCs 581 (e.g. acids, aldehydes, ketones) into cloud droplets. The highest value was observed for 582 FCE11.2, where the inorganic anion deficit was highest as well ( Figure 2 ), indicating that a 583 significant amount of organic material taken up from the gas-phase must have been acidic or 584 -alternatively -neutral compounds were oxidised to organic acids upon dissolution in the 585 cloud droplets. It is noted that the main organic acids mentioned above explain only less than 586 10% of the inorganic anion deficit for this event. 587
For nitrate, upwind SEs stay similarly high or even higher than in-cloud SEs even after 588 considering any upwind HNO 3 measured by the MARGA. Especially when considering that 589 nitrate likely experiences similar physical mass losses as ammonium and sulfate (which 590 typically were on the order of 10 -40% at the downwind site, data not shown here), this 591 would imply a nitrate budget at the cloud site substantially larger than the sum of particulate 592 and gaseous nitrate at the upwind site. Given that aqueous phase oxidation of NO x to nitrate 593 can be considered negligible (Seinfeld and Pandis, 2006 ) and a potential positive nitrate 594 artefact from hydrolysis of N 2 O 5 in the cloud water can be assumed to be present in similar 595 magnitude in the wet rotating denuder samples of the MARGA system (Phillips et al., 2013) , 596 such a large budget increase of nitrate at the cloud site seems unrealistic. In addition, a 597 comprehensive data analysis focussing on aerosol processing during FCEs (manuscript in 598 preparation) does not yield indications for increased nitrate at a site downwind of the cloud, 599 neither on average over all FCEs, nor specifically during FCE11.2, where nitrate enrichment 600 was highest. Any additional nitrate in the cloud water thus needs to evaporate back to the gas 601 phase upon cloud dissipation. 602
The most likely explanation for the observed discrepancy is a severe underestimation of nitric 603 acid by the MARGA system. Accurate nitric acid determination is known to be challenging 604 due to the "stickiness" of the molecule (Rumsey et al., 2014) and adsorption in the inlet was 605 reported to be strongly increased when sampling air -as during FCE sampling -is near 100% 606 RH (Neuman et al., 1999) . As the inlet HDPE tubing during HCCT-2010 was approx. 3.5 m 607 long (from PM 10 head to denuder), significant losses of HNO 3 before denuder sampling seem 608 likely. In a not (yet) published intercomparison of nitric acid between the MARGA unit as 609 used during HCCT-2010 and a separate batch denuder with inlet tubing reduced to a 610 minimum, concentration ratios between the MARGA and the reference denuder were 1997), which is in agreement with our considerations described above. 620
In conclusion, the comparison of upwind and in-cloud scavenging efficiencies reveals that i) 621 nucleation scavenging typically removed >80 %, often close to 100 % of soluble material 622 from the particle phase upon cloud formation, ii) uptake of gaseous ammonia, nitric acid and 623 water-soluble VOCs had an additional significant impact on observed cloud water 624 concentrations, and iii) particulate material is clearly lost or diluted to some extent between 625 the upwind and the in-cloud site, likely due to physical processes such as droplet scavenging 626 by trees and/or entrainment of cleaner air masses. 627 Figure 7 , it has to be noted, that in 633 reality significant mixing of droplets between the nominal size classes occurs due to the 634 relatively broad collection efficiency curves (Straub and Collett, 2002) . Concentrations in a 635
given droplet size class are thus influenced by droplets from other size classes to a significant 636 extent and the size distributions can only reflect an approximate picture of the real pattern. 637
Volumes of cloud water collected per stage were between 5.9 and 240 ml with typically 638 lowest volumes on the intermediate stage (16-22 µm) and highest volumes in the smaller or 639 larger size class, depending on the sample (see Figure S8 for details). 640
Volume-weighted mean concentrations per event were calculated to reduce the complexity of 641 the data set, even though information on the temporal evolution of size-resolved 642 concentrations is lost by the averaging. Data for all individual samples taken with the 3-stage 643 collector is given in the Supplemental Material ( Figure S9 -Figure S18 ). As can be seen 644 there, concentrations levels of individual cloud water constituents can vary significantly 645 within one cloud event while the general patterns of concentrations in the three droplet size 646 classes are often quite persistent during an event (exceptions will be noted below). For the 647 major ions sulfate, nitrate, and ammonium, two main profiles of size-resolved cloud water 648 concentrations can be observed in the VWM data: i) decreasing concentrations with 649 increasing drop size for FCEs 1.1, 11.2, 11.3, 13.3, and ii) profiles with minimum 650 concentrations in medium-sized droplets on stage 2 ("U"-shaped profiles) for FCEs 22.1 and 651 FCE26.1+2. Only for nitrate during FCE1.1 a profile of increasing concentrations with 652 increasing drop size is observed. Concentration differences between highest and lowest values 653 are usually within a factor of 2 with the exception of FCE11.2, where concentrations of 654 sulfate and ammonium in large drops were a factor of 3-4 lower than in small drops (on 655 VWM basis). The two types of profiles reflect the dominant profiles of major ions in the 656 individual samples ( Figures S9 -Figure S11 ) for most of the events. Only during FCE1.1 and 657 mainly for sulfate and ammonium, the VWM profile does not adequately represent the 658 individual profiles, which were rather variable during the first half of this 15h event and 659 stabilized to a profile of increasing concentrations with increasing drop size during the second 660 half of the event. As sampled water volumes were comparably low during the second half of 661 the event, however, their weight to the volume-weighted mean profile is rather low. Literature 662 data from 3-stage cloud water collectors is very sparse. Raja The VWM profiles of low concentration ions (chloride, sodium, magnesium, calcium, and -668 in part -potassium) were found to be markedly different from the major ion profiles. 669
Concentrations were usually increasing with increasing drop size, especially for events with 670 elevated concentrations (FCE1.1, 22.1, and 26.1+2) due to elevated impact of marine 671 emissions on sampled air masses (cf. section 3.3.2). Also, observed concentration differences 672 in different drop size ranges tended to be larger (up to a factor of 10) as compared to major 673 ion concentrations. Available literature data for minor ions in three drop size ranges reveals 674 diverse profiles, depending on species and location (Raja et al., 2009; Collett et al., 1995) . 675
In contrast to the ionic data, concentrations of H 2 O 2 in different collector stages were 676 comparably homogeneous, with maximum differences of 25% (or a factor of 1.3). This is 677 likely related to the different incorporation pathway (uptake from gas-phase as compared to 678 nucleation scavenging for the ions), which is expected to yield more similar concentrations in 679 differently sized cloud drops, at least if equilibrium conditions are assumed (Hoag et al., 680 1999) . 681
Both uptake pathways can in principle occur for DOC (VOC uptake and/or dissolution of 682 CCN organic material). The size-resolved concentration pattern in Figure 7 , however, 683 resembles those of major ions, suggesting nucleation scavenging as the major path of DOC 684 incorporation into cloud water during this study. 685
Mean pH values per event (based on VWM concentrations of H + ) are shown in Figure 8a . A 686 similar pattern of slightly (approx. 0.1 pH units per stage) increasing values with increasing 687 drop diameter can be observed for nearly all events and collector stages. In individual samples 688 ( Figure S19 ) differences between stages can be somewhat higher (up to approx. 0.5 pH units), 689 but the general patterns look similar to the VWM event averages. Qualitatively, increasing pH 690 with drop size is consistent with i) coarse (and typically less acidic) CCNs leading to larger 691 droplets (cf. elevated concentrations of coarse particle mode constituents), and ii) reduced 692 (diluted) concentrations of potentially acidic constituents (sulfate, nitrate, DOC) in larger 693 drops (Collett et al., 1994) . 694
These observations highlight the complexity of solute concentration drop size dependencies. 695
Even for the comparably uniform conditions of the present study (same site, same season, 696 similar air mass origins, similar heights within the cloud), different profiles can result for one 697 and the same ion. This becomes even more obvious from individual samples (e.g. sulfate 698 during FCE1.1, Figure S9 ), where -as stated above -a number of different profiles can occur 699 during the same cloud event. Considering that these individual samples represent volume-700 weighted averages over 2 hours, it is easy to imagine that with a higher time resolution of 701 sampling the variability of observed profiles would even increase. Without detailed numerical 702 modelling (which is beyond the scope of this study), a quantitative understanding of these 703 profiles and their variations seems impossible. In addition, the sampler characteristics (few 704 stages with broad collection efficiencies) together with changing droplet size distributions in a 705 cloud might influence the observed size dependencies. Even though drop volume size 706 distributions were usually similar both between events ( Figure S20 ) and between individual 707 samples within the events (Figure S21 Size-resolved concentrations of ions and H 2 O 2 from the 5-stage collector are given in Figure 9  726 in the same way as described above for the 3-stage data (event VWM and normalised data). 727
Collected cloud water volumes were from 0.55 to 15 ml, with smallest volumes typically in 728 the 4-10 µm droplet size range and largest ones mostly for droplets >30 µm (see also Figure  729 S24). Concentration profiles of individual samples are shown in Figure S25 -Figure S33 ). 730
The number of events is smaller, as this sampler was not operated during FCE1.1 and 731 FCE26.1+2. Due to the relatively low volume of cloud water the 5-stage collector is 732 sampling, DOC analysis could not be performed from these samples. For major ions, the 733 patterns are broadly consistent with the profiles of decreasing concentrations with increasing 734 drop size observed from the 3-stage collector for FCEs 11.2, 11.3, and 13.3, with FCE22.1 735
showing some similarity to a U-shape (even though the concentration increase towards larger 736 drops is observable on stage 2 only, not on stage 1 collecting the largest drops). Concentration 737 differences between smallest and largest droplets are somewhat more pronounced (typically a 738 factor of about 2) as compared to the 3-stage collector (typically smaller than a factor of 2), 739
illustrating the higher efficiency of the 5-stage collector in separating small and large drop 740 populations. Sharpest concentration differences are usually observed between stage 4 and 5 741 (small droplets). This is true for basically all of the individual samples as well ( Figure S25 highest concentrations in largest drops were observed for ammonium and nitrate, while 752 sulfate showed increasing concentrations with increasing drop size through all 5 stages. The 753 same study reports 5-stage concentration profiles from a fog event in Davis, CA, USA, which 754 are more similar to those in this study, with decreasing concentrations with increasing drop 755 size (Moore et al., 2004a) . 756
The patterns of trace ions also show some similarity with the ones observed from the 3-stage 757 collector, mainly in that concentrations tend to increase from medium-sized towards larger 758 droplets for most ions and events as well. There are, however, two distinct features in the 5-759 stage data which are not captured by the 3-stage collector: First, similar to the main ions, the 760 concentration increase towards larger droplets is often (though not always) observable on 761 stage 2 only, with decreasing concentrations on stage 1 (largest drops). Second, all trace ions 762
show a very pronounced concentration increase in smallest droplets (stage 5), with often a 763 factor of 5-10 difference to stage 4 concentrations, which is usually not seen in the 3-stage 764 data, where smallest droplets are mixed with much larger ones on stage 3, leading to more 765 diluted concentrations. Literature data on size-resolved trace ion concentrations from 5-stage 766 collectors is available only for calcium, for which a pronounced U-type profile with highest 767 concentrations in largest drops was reported (Moore et al., 2004a), while sodium, potassium 768 and chloride ions were mentioned to have very similar profiles. 769
Compared to ionic content, the concentrations of H 2 O 2 are more homogeneously distributed 770 between the collector stages (maximum deviation < 50%) -similar to what was observed from 771 the 3-stage collector data -and a general pattern cannot be observed from the (few) data 772
available. 773
Event-averaged pH values from the 5-stage collector are given in Figure 8b (for individual 774 samples in Figure S34 ). Highest values were mostly observed in smallest droplets (stage 5) 775 with a significant decrease towards the next droplet size range (stage 4) at least during 3 out 776 of the 4 events. From collector stage 4 towards stage 2 (increasing drop sizes) pH values tend 777 to increase, similar to what is observed from the 3-stage collector (Figure 8a) , while in largest 778 drops (stage 1) they decrease again (to different extents). Overall, pH variations between 779 different drop size classes are not too large for the sampled clouds with maximum differences 780 of about 0.6 pH units on event-averaged basis. 781
These observations are generally consistent with the findings from the 3-stage collector. 782 However, they also highlight the higher efficiency of drop population separation of the 5-783 stage collector as compared to the 3-stage collector, as ratios between minimum and 784 maximum concentrations are larger and the sharp concentration increase towards the smallest 785 droplets (especially for trace ions) is only observed here (for volume size droplet distributions 786 during 5-stage sampling see Figure S35 ). In addition, the observation of often decreasing 787 concentrations from stage 2 (second-largest drops) to stage 1 (largest drops) might reflect the 788 transition from region II (condensation growth) to region III (coalescence growth) in the 789 Ogren et al. (1992) model (section 1), even though it must be noted that collection efficiency 790 curves of these two stages are overlapping to a comparatively large extent (Straub and Collett, 791 2002 Fowler, D., Pilegaard, K., Sutton, M. A., Ambus, P., Raivonen, M., Duyzer, J., Simpson, D., 937
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